Background Rat pre-implantation embryos often suffer 2-cell stage developmental arrest and fail to progress further under in-vitro conditions. Objective In order to understand underlying mechanism leading to 2-cell arrest, we investigated the molecular changes, culture conditions and subcellular changes. Methods Gene expression in in-vivo developed 2-cell embryos (in-vivo), in-vitro developed 2-cell embryos (in-vitro), and in-vitro 2-cell arrested embryos (arrested) were investigated using microarrays and real-time PCR. Ultra-structural changes were determined using electron microscopy. Results Gene expression was similar between in-vivo and invitro embryos. Over 2400 genes changed in arrested embryos compared to in-vivo and in-vitro embryos. The mRNAs encoding proteins involved in translation were elevated in arrested embryos. In-vivo and in-vitro embryos highly expressed genes that were involved in cell cycle, and protein catabolic process compared to arrested embryos. Gene expression data suggested subcellular changes associated with 2-cell block. Transmission electron microscopy showed that in-vivo embryos had healthy subcellular structure, whereas arrested embryos did not have a nuclear membrane, contained small mitochondria and autophagic vacuoles. Furthermore, gene expression data was used for the optimization of culture media conditions to obtain better in-vitro embryonic development.
Introduction
Successful in-vitro culture of fertilized oocytes to blastocyst stage plays an integral role in assisted reproductive technologies. The ability to grow pre-implantation mammalian embryos under in-vitro conditions is crucial for infertility treatment, biomedical research, embryo biotechnologies such as transgenic animal production and animal cloning programs [1] . Although blastocyst stage embryos can be produced successfully via in-vitro culture of zygotes in many mammalian species including rodents, livestock species and humans, there are still inefficiencies. Laboratory rats are among the important species in biomedical research; however, embryonic development under in-vitro conditions is inefficient which is largely due to 2-cell block [2, 3] . In-vitro development of pre-implantation embryos from one-cell to blastocyst has been achieved for most outbred and many inbred mouse strains [4, 5] but, to date there has been challenges with the in-vitro development of rat pre-implantation embryos [6] . In the mouse system, 2-cell block was successfully overcome by decreasing osmotic pressure of the culture media and supplementation of essential and non-essential amino acids [7] [8] [9] . Under suboptimal culture conditions, similar developmental block has been observed in pre-implantation embryos of other species at later stages of embryo development: 4-to 8-cell in human, 4-cell in pigs [10] , and 8-to 16-cell in cattle and sheep [11] . The embryo development block often coincides with the time of genome activation in these species [12] [13] [14] [15] . This indicates that embryos which fail to transition from maternal to zygotic transcription do not develop further. Similarly, activation of embryonic genes in rats during 2-to 4-cell stage [16] coincides with the 2-cell developmental block.
Improvement of water source, the basic culture media components that regulate the ionic stress significantly reduced developmental block for many species except rats [17] . Inefficiencies in rat embryo culture manifest themselves by either low incidence of in-vitro embryonic development due to 2-cell block or low pregnancy establishment following embryo transfer [18] . Rat embryo culture systems such as rat embryo culture medium (R1ECM) are somewhat efficient in outbred SpragueDawley and Wistar rats but resulting embryo development is highly variable. Although the exact nature of this developmental block is not fully understood, it has been largely attributed to detrimental effects of glucose, inorganic phosphate, reactive oxygen species (ROS) and proteins in the culture media [19, 20] . It has been reported that adjustment of inorganic phosphate concentration in the culture media based on the embryonic stage significantly increased developmental potential of rat embryos in-vitro [21, 22] . Unfortunately, the success rate significantly varied from laboratory to laboratory and to date there is no culture conditions which prevents 2-cell block completely.
Our current knowledge about underlying molecular and cellular mechanism involved in 2-cell block in many species and particularly laboratory rats is still limited. Thus, identification of key genes involved in pre-implantation embryonic developmental processes and determination of global patterns of gene expression would be important step forward for better understanding the underlying mechanisms that lead to 2-cell block. In this study we compared gene expression in in-vivo developed, invitro developed and in-vitro arrested 2-cell rat embryos. Rat preimplantation embryos reach 2-cell stage at about 48 h in-vivo and become 4-cell at about 72 h post human chorionic gonadotropin (hCG) injection and mating. The in-vitro developed embryos which were cultured for 24 h was an intermediary experimental group and we hypothesized that mRNAs that differ between in-vivo developed and in-vitro developed embryos may be involved in the initial processes that lead to 2-cell arrest.
Data collected from microarrays and deep sequencing can be used for improving culture conditions in-vitro, treatments against diseases or better understanding molecular processes led to certain pathological conditions. Thus in an attempt to apply gene expression data to physiology, we tested various culture conditions to determine whether the highly regulated genes were indicative of the initial responses of the embryos. Investigating the differentially regulated mRNAs in this study, led us to improve in-vitro embryo culture conditions by adding glutamate, changing media after 24 h of culture and lowering oxygen level in culture environment. In addition, the mRNA levels that changed between in-vivo derived and arrested 2-cell embryos led us to suspect that subcellular structures such as endoplasmic reticulum and mitochondria would be adversely affected in arrested 2-cell embryos. Thus we added electron microscopy analysis of these two groups to determine subcellular changes.
Materials and Methods

Animals
Sprague-Dawley (SD) rats were purchased from Harlan Sprague-Dawley (Indianapolis, IN) and were housed in a controlled lighting environment (10 h dark/14 h light) and provided free access to water and standard pelleted rodent chow. All animal studies were performed in accordance with the University of Missouri's Animal Care and Use Committee guidelines.
Superovulation
Sexually immature 26 d old SD rats were injected with 20 IU equine chorionic gonadotropin (eCG) and 48 h later they were injected with 20 IU hCG and mated with sexually mature male SD rats to generate embryos.
Experimental Design
There were three experimental groups: 1) In-vivo 2-cell embryos were collected 48 h post hCG injection and mating (in-vivo embryos); 2) In-vitro developed 2-cell embryos were obtained by removing pronuclear stage rat embryos from oviduct 24 h post hCG injection and mating followed by 24 h embryo culture (in-vitro embryos); 3) In-vitro 2-cell arrested embryos were produced by removing pronuclear stage embryos from oviduct 24 h after hCG and mating followed by 48 h culture (arrested embryos). Thus the difference between in-vitro embryos and arrested embryos was that the arrested embryos remained in culture media for an additional 24 h (Fig. 1) .
Embryo collection and in-vitro culture
The oviducts of donor females were removed from vaginal plug positive rats and placed in HEPES buffered R1ECM media [2, 3] and cut using 27 g needle to release the presumptive rat zygotes. The zygotes were held in HEPES buffered R1ECM containing 1 mg/ml hyaluronidase, pipetted to remove attached cumulus cells, and washed three times in R1ECM before in-vitro culture. To confirm fertilization, embryos were checked for presence of pronuclei and sperm tail in cytoplasm under an inverted microscope using a 20X objective. To obtain 2-cell in-vitro embryos and 2-cell arrested embryos, zygotes were transferred into R1ECM and cultured for 24 and 48 h, respectively. The R1ECM contained 76.7 mM NaCl, 3.2 mM KCl, 2 mM CaCl2, 0.5 mM MgCl 2 , 10 mM sodium lactate, 0.5 mM sodium pyruvate, 7.5 mM glucose, 25 mM NaHCO 3 , 1.0 mg/ml polyvinylalcohol, 0.1 mM glutamine, 2 % (v:v) Minimal Essential Medium (MEM) essential amino acid solution (EAA; Life Technologies, Grand Island, NY), and 1 % (v:v) MEM nonessential amino acid solution (NEAA; Life Technologies), 1 % (v:v) penicillinstreptomycin solution (Life Technologies). In this particular study, none of the embryos that were cultured for 48 h developed further than 2-cell; thus we assumed that the embryos cultured for 24 h would not have developed to 4-cell. For collection of in-vivo 2-cell embryos, donor female rats were sacrificed 48 h post hCG and mating. Two-cell embryos were released from oviduct, washed there times in HEPES buffered R1ECM and transferred into R1ECM containing polyvinyl alcohol. Four pools (28 to 50 embryos per pool) of 2-cell embryos from each treatment group were collected and snap frozen in liquid nitrogen until RNA isolation.
Effects of oxygen tension during embryo culture
In-vitro embryo cultures were performed either under atmospheric oxygen (20 %) with 5 % CO 2 or under 5 % O 2 , 5%CO 2 and 90 % N 2 . One-cell embryos having sperm tail and two pronucleus were either cultured in R1ECM for at least 48 h or mR1ECM containing 110 mM NaCl, 3.2 mM KCl, 2 mM CaCl2, 0.5 mM MgCl 2 , 10 mM sodium lactate, 0.5 mM sodium pyruvate, 7.5 mM glucose, 25 mM NaHCO 3 , 0.05 % (v:v) GlutaMAX (Life Technologies), 2 % (v:v) MEM EAA, 1 % (v:v) MEM NEAA, 100 U/ml Penicillin G potassium salt and 36 IU/ml streptomycin sulfate for 24 h followed by transfer of 2-cell embryos to mR1ECM media containing 76.7 mM NaCl 3.2 mM KCl, 2 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM sodium lactate, 0.5 mM sodium pyruvate, 7.5 mM glucose, 25 mM NaHCO 3 , 1.0 mg/ml polyvinylalcohol, 0.05 % (v:v) GlutaMAX, 2 % (v:v) MEM EAA, 1 % (v:v) MEM NEAA, 100 U/ml Penicillin G potassium salt and 36 IU/ml streptomycin sulfate. Effect of oxygen level was determined using four sets of embryos for each group and embryos which developed to 4-cell were followed up to blastocysts stage for 96 h. Development of embryos was assessed under steromicroscope.
RNA isolation amplification and microarrays
Total RNA from each pool of 2-cell embryos was isolated using Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, Carlsbad, California) as previously described [23] . During RNA isolation, genomic DNA was digested using DNaseI. Half of the isolated total RNA was amplified by using Ovation Pico WTA System (Nugen, San Carlos, CA) which produces cDNA as the end product. Amplified cDNA (2 ug) was biotin labeled by using Encore BiotinIL Module (Nugen, San Carlos, CA). Biotinylated cDNA target (750 ng) was hybridized to the RatRef-12 Expression BeadChip arrays (Illumina, San Diego, CA) containing 21,910 probes. There were four biological replicates and two technical replicates per experimental group. Thus each experimental group (in-vivo, in-vitro and arrested 2-cell embryos) was represented by eight samples using a total of 24 microarrays. Hybridization of microarrays was done according to manufacturer's suggestions except the hybridization temperature was reduced to 48°C due to hybridization of cDNA. BeadStudio (Illumina, San Diego, CA) expression analysis software was used to determine the expression level of mRNAs. GeneSpring 7.3 software (Agilent Technologies, Santa Clara, CA) was used to determine the genes that were differentially regulated. The data was log transformed and Welch t-test and Benjamini and Hochberg multiple testing correction with 5 % false discovery rate were performed to determine the genes whose expression differentially regulated. Fold changes in gene expression between the treatments were also determined using GeneSpring software. Gene expression in in-vivo embryos were compared to that of in-vitro and arrested 2-cell embryos. In addition gene expression in in-vitro 2-cell embryos were compared to arrested 2-cell embryos.
DAVID Functional Annotation Tool [24, 25] was used to analyze the genes that were differentially expressed among invivo, in-vitro and arrested 2-cell embryos. DAVID Functional Annotation Tool determined the co-occurrence probability and provided gene-gene ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis to highlight the most relevant GO terms or KEGG Fig. 1 Schematic representation of experimental groups. 26 d old rats injected with eCG, 48 h later they were injected with hCG and mated. Invivo developed 2-cell embryos: 48 h after mating, 2-cell embryos were collected from oviducts. In-vitro developed 2-cell embryos: 24 h after mating, 1-cell embryos containing sperm tail and pronuclei were harvested from oviduct and cultured for 24 h. Arrested 2-cell embryos: 24 h after mating, 1-cell embryos containing sperm tail and pronuclei were harvested from oviduct and cultured for 48 h pathways associated with a given gene list. The statistical significance of co-occurrence of genes was determined by a modified Fisher Exact test.
Real-time PCR
Remaining total RNA from each sample was amplified by using Ovation PicoSL WTA System V2 (Nugen, San Carlos, CA). The cDNA products of these reactions were used in realtime PCR using Power SYBR Green PCR Master Mix (Life Technologies Corporation, Carlsbad, California) and cDNA samples were PCR amplified in duplicates. Expression of eukaryotic translation initiation factor 2, subunit 2 beta (Eif2s2) was similar among all the samples in microarray analysis and Eif2s2 was used as a housekeeping gene in real-time PCR analysis. Four sets of mRNAs were chosen to validate microarray results by using real time PCR. The first set included mRNAs that were elevated in in-vivo embryos compared to 2-cell arrested embryos. These mRNAs were proteasome (prosome, macropain) subunit beta type 2 (Psmb2), nudE neurodevelopment protein 1 (Nde1), tubulin, alpha-like 3 (Tubal3), origin recognition complex, subunit 5 (Orc5), hypoxia-inducible factor 1 alpha subunit (Hif1a), cyclin B2 (Ccnb2), p21 protein (Cdc42/Rac)-activated kinase 1 (Pak1), Rac/Cdc42 guanine nucleotide exchange factor (GEF) 6 (Arhgef6), actin related protein 2/3 complex, subunit 1B (Arpc1b), actin, beta (Actb), and cyclin-dependent kinase 1 (Cdk1). The second set of mRNAs was chosen from the elevated mRNAs in arrested embryos compared to in-vivo embryos. These mRNAs were insulin-like growth factor 2 mRNA binding protein 1 (Igf2bp1), polymerase (RNA) II (DNA directed) polypeptide E (Polr2e), protein phosphatase 1, regulatory subunit 15A (Ppp1r15a), protein kinase, AMPactivated, alpha 1 catalytic subunit (Prkaa1), and cyclindependent kinase inhibitor 1A (Cdkn1a). The third set of mRNAs included the mRNAs that were elevated in in-vivo embryos compared to in-vitro 2-cell embryos: hemoglobin alpha, adult chain 2 (Hba-a2), hemoglobin, beta (Hbb), cysteine dioxygenase type 1(Cdo1), cysteine dioxygenase type 1 (Ptgis). The fourth set included the mRNAs that were elevated in in-vitro embryos compared to in-vivo 2-cell embryos: tafazzin (Taz), succinate dehydrogenase complex subunit D integral membrane protein (Sdhd), NADH dehydrogenase 1 subcomplex unknown 2 (Ndufc2), and ubiquinol-cytochrome TGCCTTGAAGGATGAGGTCAAGGA  ATCGGTTTGCTTCAACAGCTTCCG  127  Arpc1b  TGTGAAGAGCTTGGAGTCAGCCTT  AGCATTCAGCAAAGCAGCCCTTAG  130  Ccnb2  CACATGGCCAAGAACGTCGTGAAA  GCCTGCTGCTGGCATATTTGTTCT  82  Cdk1  TCCCACGTCAAGAACCTGGATGAA  ACAGTAAACGCCACGATCTTCCCT  196  Cdkn1a  TTCTGTAACACCCTGAGCTGGACT  ACACGTGGGAGGTTTACAATCCGA  99  Cdo1  TTGGATAAGAGAGGCCACCCATCA  ACAGAAGAACTGGGAGCAAGGTGA  177  Eif2s2  TCGATGCTCTGTGGCCAGTATCAA  TCTGATGGTAACCTGTCCAGCCAA  147  Hba-a2  TGCGTGTGGATCCTGTCAACTTCA  ACAGTGCTCACAGAGGCAAGGAAT  133  Hbb  ATGGCCTGAAACACTTGGACAACC  TGGTGGCCCAACACAATCACAATC  133  Hif1a  GGCCTATGGAATTGTTAAGCCTGG  GAGCCGGTAAAGTAAAGAAACACC  196  Igf2bp1  TTCCCAGCTTCTTCTAGTGCCGTT  TGTTTGATGTGCTGGCCCTTCTTG  164  Nde1  TTGCGTTGGACTGGCCTTTGTTAC  TGGCATTGTAGAGCCTGTGCTGAT  164  Ndufc2  ATGAAAGCAGGTTTGCATCGCCAG  ACATGTCATGGTCCCTCACAGCAT  112  Orc5  TCCCAAACACAAGGCAGCTTGTTC  TGGTGGTTAACGAGAGTGACCAGT  98  Pak1  TAAACACTCGTTTCGGGAACTCCG  TAGTCATCCGGTTGCGGTTCTCTT  139  Polr2e  AGCGAGGGCAGGTTGTGAAGATTA  TCCCAACACCGAAGAGTCCACAAA  163  Ppp1r15a  AAGACCAAGGGATGTGGAGAAGCA  GGCTTTGAAAGATCTGAGCCGCTT  138   Prkaa1  ATTTGCGTGTGCGAAGGAAGAACC  AGCAGTCCCTGATTTGGCTTCTGT  143  Psmb2  TATGTGTTGGAGAGGCTGGAGACA  GCCAGGTTTCGGCGTGTGAAATTA  133  Ptgis  TCCCGGAGTTTGACCTTAGCAGAT  TGGACACAGCATTCTGGAGGAACA  157  Sdhd  GGAGCTCTCCTTTGTAGAAGGGTT  TGGACAGCTCATTCCTGCACAAGT  93  Taz  TTGATAGGCTACCACTTGCCCACT  ATCTACAGGCCACCCAAGGACAAA  112  Tubal3  AGCAATTGCAGCCATGAAGTCGAG  TTGCTCAACATACACACAGCACGC  150  Uqcrfs1  TGATGCTTCTGGCAGGATCAGGAA  AAGAAACCTAGGCCCTGAGTCCAA  125 c reductase Rieske iron-sulfur polypeptide 1 (Uqcrfs1). Table 1 shows the sequences of PCR primers and product sizes. The threshold cycle (C t ) for the Eif2s2 was subtracted from the C t for the test mRNA to obtain the change (Δ) in C t (ΔC t ). The amount of each mRNA (relative to Eif2s2) was calculated by using the equation: relative expression=2
ΔCt
. Statistical analysis of real-time PCR results were performed by using general linear models (SAS version 9.3, SAS Institute, Cary, NC). Separation of means was assessed by using the Duncan Multiple Range test.
Transmission electron microscopy
All reagents were purchased from Electron Microscopy Sciences and all specimen preparation was performed at the Electron Microscopy Core Facility, University of Missouri. In-vivo and arrested 2-cell embryos were obtained as described above. For transmission electron microscopy sample preparation, primary fixation of embryos was performed immediately post-harvest in 2 % paraformaldehyde, 2 % glutaralderhyde, in 100 mM sodium cacodylate buffer, pH 7.35. Fixed embryos were surrounded in histogel to keep them together for chemical exchanges. Then they were rinsed with 100 mM sodium cacodylate buffer, pH 7.35 containing 10 mM 2-mercaptoethanol and 130 mM sucrose. Using a Pelco Biowave (Ted Pella, Inc. Redding, California), secondary fixation was performed using 1 % osmium tetroxide in 100 mM sodium cacodylate, pH 7.35 and followed by rinsing with distilled water. Using the Pelco Biowave, a graded dehydration series was performed using acetone. Dehydrated tissues were then infiltrated with Epon/Spurr's resin and polymerized at 60°C overnight. Sections were cut to a thickness of 85 nm using an ultramicrotome (Ultracut UCT, Leica Microsystems, Germany) and a diamond knife (Diatome, Hatfield PA). These sections were stained using Sato's triple lead solution stain and 5 % aqueous uranyl acetate [26] . Images were acquired at 80 kV on the JEOL JEM 1400 transmission electron microscope (JEOL, Peabody, MA) equipped with an Ultrascan 1000 CCD (Gatan, Inc. Pleasanton, CA).
Results
Gene expression profile of arrested 2-cell embryos was greatly different from in-vivo and in-vitro 2-cell embryos. Levels of 3759 and 5123 mRNAs were significantly (P<0.05) different between arrested embryos compared to in-vivo and in-vitro 2-cell embryos, respectively. In order to increase stringency of analysis, we used the mRNAs that were regulated both significantly and changed at least two fold for further analysis to determine the relevant GOs and KEGG pathways that were changed in experimental groups. There were 939 and 1,012 Vv vs Ar indicates biological processes that were upregulated in in-vivo developed embryos compared to arrested embryos; Vt vs Ar indicates biological processes that were upregulated in in-vitro developed embryos compared to arrested embryos; N number of elevated mRNAs; P P-value Table 3 Elevated mRNAs involved in cell cycle and protein catabolism in in-vivo developed and in-vitro developed embryos compared to arrested embryos. In order to avoid duplication, the mRNAs that belong to both biological processes, were listed only under one biological process Cell cycle Anaphase promoting complex subunit 4 (Anapc4) Anaphase-promoting complex subunit 5 (Anapc5) Arginine vasopressin-induced 1 (Avpi1)
Biorientation of chromosomes in cell division 1 (Bod1) Budding uninhibited by benzimidazoles 1 homolog, beta (Bub1b) Calcium/calmodulin-dependent protein kinase II gamma (Camk2g) Calmodulin 1 (Calm1) CDC28 protein kinase regulatory subunit 1B Cks1b (Cks1b) Cell division cycle 25 homolog A (S. Pombe) (Cdc25a)
Cell division cycle 25 homolog B (S. Pombe) (Cdc25b) Cell division cycle associated 3 (Cdca3) genes elevated in arrested 2-cell embryos compared to in-vivo and in-vitro embryos, respectively. Furthermore, 1466 and 2061 mRNAs elevated in in-vivo and in-vitro embryos compared to arrested 2-cell embryos, respectively. Since we only compared two experimental groups at a time, elevated mRNAs in one of the groups are the same as reduced mRNAs in the comparison group. Supplementary Table 1 shows the significantly regulated mRNAs that were different at least two fold in in-vivo and in-vitro embryos compared to arrested 2-cell embryos. The regulated mRNAs in in-vivo and invitro embryos compared to arrested 2-cell embryos were similar. Thus, in order to reduce redundancy, comparisons of in-vivo and in-vitro embryos to arrested 2-cell embryos were combined.
Elevated mRNAs and biological processes in in-vivo developed and in-vitro developed 2-cell embryos compared to arrested embryos Analysis of elevated mRNAs using DAVID showed that 63 biological processes were significantly (p < 0.001) upregulated in in-vitro embryos compared to arrested 2-cell embryos. Similarly, 69 biological processes were upregulated (P<0.001) in-vivo embryos compared to arrested 2-cell embryos. Table 2 shows the subset of up-regulated biological process in in-vivo and in-vitro embryos compared to arrested 2-cell embryos. Cell cycle and protein catabolic processes were highly enriched by the upregulated mRNAs in in-vivo and in-vitro embryos and mRNAs encoding proteins in these processes are listed in Table 3 .
Elevated mRNAs and biological processes in arrested embryos compared to in-vivo developed and in-vitro developed 2-cell embryos
Biological processes that are involved in translation were highly up-regulated in arrested 2-cell embryos compared to in-vivo and in-vitro embryos. There were 34 and 43 upregulated (p < 0.001) biological processes that were enriched by the elevated mRNAs in arrested embryos compared to in-vivo and in-vitro embryos, respectively. Table 4 shows a subset of the up-regulated biological processes and Fig. 2 shows the significantly elevated mRNAs that encode ribosomal proteins in arrested embryos. Comparison of in-vivo developed embryos to in-vitro developed 2-cell embryos All of the embryos cultured for 48 h were arrested, thus it is very likely that all the embryos that were cultured 24 h would have been arrested if they were kept in culture for 48 h. There were no significant gene expression differences between in-vivo and in-vitro embryos. Thus, we further analyzed the mRNAs that changed at least two fold between these groups (Supplementary Table 2 ). There were 148 mRNAs that were upregulated in in-vivo embryos compared to in-vitro embryos and 190 mRNAs were up-regulated in in-vitro embryos compared to in-vivo embryos. Table 5 shows the mRNAs that were different at least 2.5 fold between these groups. Interestingly, hemoglobin alpha adult chain 2 and hemoglobin beta were among the highly up-regulated mRNAs in in-vivo embryos. In addition, transportin 2 which is important in mRNA export from nucleus [27] was elevated in in-vivo embryos.
Real time PCR Table 6 shows the fold change comparison of real-time PCR and microarray analysis. Four sets of mRNAs were chosen to validate microarray results by using real time PCR. The first set included mRNAs that were upregulated in-vivo embryos compared to arrested 2-cell embryos. Real time PCR results were similar to microarray results and fold change comparison for most of the mRNAs were greater for real time PCR compared to microarrays. The second set of mRNAs for real time PCR validation were chosen from the up-regulated mRNAs in arrested embryos compared to in-vivo embryos. Microarray and real time PCR results were similar for the mRNAs tested with the exception of Prkaa1 which showed no change in the real time PCR analysis. The third set of mRNAs included the mRNAs that were up-regulated in in-vivo embryos compared to in-vitro embryos. Real time PCR results were similar to microarray results, but the fold change of the two hemoglobin mRNAs were much greater for real time PCR analysis:
Hba-a2 increased 382 fold and Hbb increased 40 fold. The fourth set included the mRNAs that were upregulated in in-vitro embryos compared to in-vivo embryos. The mRNAs tested were Taz, Sdhd, Ndufc2, and Uqcrfs1 and contrary to microarray results, real time PCR did not show any change in levels of these mRNAs.
In-vitro embryo culture under 5 or 20 % oxygen
None of the embryos cultured in R1ECM developed further than 2-cell regardless of the oxygen level and 5 % oxygen did not overcome 2-cell block when used in combination with R1ECM. Thus we used modified R1ECM which enabled embryo development further than 2-cell. When mR1ECM was used, 26 out of 52 one-cell embryos became blastocyst Fig. 2 Majority of the mRNAs encoding ribosomal proteins were elevated in arrested 2-cell embryos compared to in-vivo developed and invitro 2-cell embryos. The elevated ribosomal proteins (RP) were Rpl10; Rpl10a; Rpl12; Rpl13; Rpl13a; Rpl14; RPL15; Rpl17; Rpl18; Rpl18a; Rpl19; Rpl22l1; Rpl23; Rpl23a; Rpl26; Rpl27; Rpl27a; Rpl27a; Rpl3; Rpl30; Rpl34; Rpl35; Rpl35a; Rpl36; Rpl36a; Rpl37; Rpl37a-ps1; Rpl4;
Rpl41; Rpl6; Rpl7; Rpl8; Rplp1; Rplp2; Rps10; Rps13; Rps15; Rps17; Rps18; Rps19 ; Rps20; Rps21; Rps23; Rps24; Rps25; Rps26; Rps27; Rps29; Rps3; Rps3a; Rps5; Rps6; Rps7; Rps8; Rps9; Rpsa; Rsl24d1; acidic ribosomal phosphoprotein P0 (Arbp); Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously expressed (Fau); similar to 40S ribosomal protein S2 (RGD1562399) 
Transmission electron microscopy
In-vivo 2-cell embryos displayed a healthy cell structure with intact nuclear membrane, nucleoplasm containing nucleolus, euchromatin and heterochromatin (Fig. 3) . Electron dese material (EDM) surrounded the nucleus and similar EDM surrounded the vesicle clusters in the cytoplasm. Cytoplasmic lattices (CPL) occupied the majority of the cytoplasm. Mitochondria appeared healthy and concentrated around the nucleus and at the side of the cell that contacted the sister blastomere. Furthermore, an RNA particle appeared to be coming out of the nucleus in one of the in-vivo developed embryos. Arrested 2-cell embryos did not contain a nuclear membrane, heterochromatin or euchromatin (Fig. 3) . Nucleoplasm was distinguishable by the presence of nucleolus and absence of cytoplasmic organelles such as CPL. Mitochondria were smaller and fewer and CPLs were larger compared to in-vivo derived embryos. Furthermore, cells contained numerous authophagic vacuoles containing cytoplasmic organelles and apoptotic bodies.
Discussion
Gene expression profiles of in-vivo and 2-cell arrested embryos were highly different. This is likely due to the fact that the arrested 2-cell embryos aged 24 h more than in-vivo derived and in-vitro developed embryos. Substantial expression similarities between mRNA collected from in-vivo and in-vitro embryos were somewhat unexpected. This may be due to large number of transcripts in 2-cell embryos may be originating from oocyte as opposed to newly established embryo, where timing of maternal to embryonic transcript transition is during 2-to 4-cell stage in rats [16] . Genes encoding proteins that are involved in translation elongation as well as mRNAs encoding ribosomal proteins were highly elevated in arrested 2-cell embryos. Since the arrested 2-cell embryos stop cell cycle, high level of mRNAs encoding proteins involved in translation elongation may indicate RNA degradation. Overrepresentation of mRNAs encoding proteins in translation elongation has been observed when the gene expression of degraded RNA was compared to intact RNA [28] . Similarly, translation initiation, translation elongation, RNA-protein complex assembly, structural constituent of ribosome, and RNA binding were significantly enriched in formalin fixed paraffin embedded samples which yield lower quality RNA compared to fresh-frozen samples [29] . In addition, mRNAs encoding eukaryotic translation initiation factor 2 alpha kinase 1 (Eif2ak1) and Eif2ak4 were up-regulated in in-vivo embryos compared to arrested embryos. The enzymes encoded by these mRNAs phosphorylate eukaryotic translation initiation factor 2 (eif2) which leads to reduction in global translation. upregulation of these mRNAs indicates decreased translation in in-vivo 2-cell embryos.
In-vivo and in-vitro 2-cell embryos highly expressed mRNAs involved in cell cycle and protein catabolic process. This was expected since cell cycle and protein degradation through ubiquitin-protesome pathways work coordinately to enable rapid production and degradation of proteins that lead to progression of cell cycle [30] . Similar biological processes were also up-regulated in mouse embryos where mRNAs encoding proteins involved in cell cycle and protein catabolism increased in 2-cell mouse embryos [31] . Contrary to our results, Zeng et al. [31] reported significant increase in mRNSs involved RNA processing in 2-cell mouse embryos. This discrepancy is likely due to comparison of gene expression in healthy 2-cell embryos to 1-and 8-cell embryos and blastocysts in that particular study. Our results also showed that ATPase H transportin lysosomal V1 subunit B2 (Atp6v1b2) and Atp6v1f were elevated 22 and seven fold in in-vivo embryos. The proteins encoded from these mNRAs were involved in acidification of intracellular organelles which is necessary for protein sorting, zymogen activation, receptor-mediated endocytosis, and synaptic vesicle proton gradient generation. Furthermore, our results indicate activation of nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-κB) in arrested embryos. NF-κB is involved in cellular response to stimuli such as stress. The inhibitors of NF-κB bind to NF-κB and prevent it from entering the nucleus and activating genes in the nucleus. Arrested embryos had reduced levels of mRNAs encoding inhibitors of NF-κB (Nfkbie, Nfkbib, Nfkbia). In contrast, mRNA encoding NFKB activating protein was elevated in arrested embryos. Transmission electron microscopy comparison of in-vivo embryos and arrested embryos showed that ultrastructure of these embryos were very different from one another. In-vivo embryos contained an intact nuclear membrane, healthy looking mitochondria, and numerous cytoplasmic lattices. Cytoplasmic lattices have been shown to store maternally derived mRNA and ribosomes in mammalian oocytes and embryos [32, 33] . Mitochondria and energy production are important in progression of cell division [34] . Furthermore, we were able to locate a probable RNA molecule that was exiting the nucleus. This suggests beginning of the transition from maternal to zygotic transcription. Furthermore, nuclear membrane of invivo embryos was surrounded by an electron dense material and this material also surrounded the vesicles in the cytoplasm. Appearance of vesicles and EDM suggest that EDM may be responsible for trafficking in the cell. Nuclear membrane in arrested embryos was completely disintegrated and cytoplasm contained vacuoles and apoptotic bodies. Ultrastructure analysis indicates cessation of transcription in 2-cell arrested embryos. Furthermore, smaller mitochondria in arrested embryos indicate oxidative stress and reduced energy supply.
Small number of genes were different between in-vivo and in-vitro 2-cell embryos and we hypothesized that these genes may be involved in initial reactions that take place before 2-cell arrest of rat embryos. Real-time PCR analysis confirmed the up-regulated mRNAs in in-vivo derived embryos compared to in-vitro embryos. Interestingly, real time PCR comparison of mRNAs that were elevated in in-vitro embryos compared to in-vivo embryos did not show any change for the mRNAs tested. This may be due to inefficient normalization of microarray data. Since we were not able to confirm the microarray results with real-time PCR for the mRNAs that were higher in in-vitro embryos compared to in-vivo embryos, we did not further analyze these genes.
Genes encoding hemoglobins (Hba-a2 and Hbb) were highly up-regulated in in-vivo embryos compared to in-vitro embryos. Furthermore, real time PCR showed much greater and significant increase in levels of the hemoglobin mRNAs in in-vivo embryos. Increase in hemoglobin mRNAs in invivo embryos suggest that oxygen level in culture conditions may affect genes that are sensitive to oxygen levels. It has been shown that hemoglobin may be involved in oxygen or nitric oxide sensing [35] and hemoglobin mRNA and protein were up-regulated during hypoxia [36] . Thus, lower levels hemoglobin mRNAs in cultured embryos in our study suggest that decrease in hemoglobin mRNAs may be the initial response against atmospheric oxygen levels in in-vitro culture. In addition, arrested 2-cell embryos had lower levels of hypoxia inducible factor 1a and 1b (Hif1a and Hif1b) compared to in-vivo embryos. Similar to hemoglobins, HIF1a involved in hypoxia response and mediate aerobic respiration, energy metabolism and glycolysis, as well as antioxidant defense [37] .
Low oxygen levels mimic the environment that the early embryos develop in-vivo. It has been shown that uterine and oviduct surface oxygen concentrations ranged between 2 and 9 % [38] . In-vitro culture of embryos under low oxygen (5 %) as opposed to atmospheric oxygen (20 %) resulted in higher blastocyst formation rates in rats [39, 40] , mice [41, 42] , sheep and cattle [43] . Similarly, culture of embryonic or adult stem cells under low oxygen improved their growth and maintained their pluripotency [44] . We also obtained two fold greater blastocyst formation under 5 % oxygen compared to 20 % atmospheric oxygen when mR1ECM was used.
Our experimental design allowed us to compare in-vivo developed embryos to 24 h cultured embryos. In addition, we compared the gene expression in arrested 2-cell embryos which were cultured an additional 24 h. Rat embryos reach 2-cell stage at about 48 h in-vivo and become 4-cell at about 72 h after hCG injection and mating. Thus, in-vivo embryos at 72 h post hCG which would be at 4-cell stage would not be relevant with this study.
In conclusion, gene expression profile of 2-cell arrested embryos were significantly different from the in-vitro developed and in-vivo developed 2-cell embryos and 2-cell arrested embryos had low levels of mRNAs that are required for cell division. Although arrested embryos and in-vivo embryos appeared morphologically similar under light microscope, electron microscopy showed substantial ultra-structural differences and apoptotic changes in arrested embryos. Embryo culture using mR1ECM improved in-vitro blastocyst formation and low oxygen had additive effect on blastocyst formation when combined with mR1ECM. This suggests that media composition, replenishment of nutrients and removal of toxic compounds such as ROS by using mR1ECM is important in elimination of 2-cell block and low oxygen levels further improve the transition from 2-cell stage to blastocyst development. In this study we were able to link the large gene expression data to physiological conditions and showed the relevance of gene expression to physiological problems in 2-cell rat embryo culture and subcellular structures of 2-cell embryos.
